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Abstract: Extensive efforts are being made to find alternative uses for lignin (LIG). In the present 
work the use of this biopolymer as excipient to prepare tablets was studied. For this purpose, LIG 
was combined with microcrystalline cellulose (MCC) and used as excipients to prepare directly 
compressed tablets containing a model drug, tetracycline (TC). The excipients contained different 
concentrations of LIG: 100%, 75%, 50%, 25% and 0% (w/w). Two different compression forces were 
used (two and five tonnes). When formulations were prepared using LIG as the only excipient, 
tablets were formed, but they showed lower densities and crushing strength than the ones obtained 
with only MCC or LIG/MCC blends. Moreover, tablets prepared using five tonnes of compression 
force showed TC releases ranging from 40% to 70% of the drug loading. On the other hand, the 
tablets prepared using two tonnes of compression force showed a faster and more efficient TC 
release, between 60% and 90%. The presence of LIG in the tablets modified significantly the release 
profile and the maximum amount of TC released. Finally, a DPPH (2,2-diphenyl-1-picrylhydrozyl) 
assay was performed to confirm that the presence of LIG provided antioxidant properties to the 
formulations. Accordingly, LIG has potential as a pharmaceutical excipient. 
Keywords: lignin; microcrystalline cellulose; pharmaceutical excipients; direct compression; tablets; 
tetracycline 
 
1. Introduction 
Tablets are the most commonly used pharmaceutical dosage form [1]. They are relatively simple 
to manufacture, show good physical stability and they are extensively accepted by patients [1,2]. 
Direct compression is the preferred method of tablet preparation. This method involves the tableting 
of a mixture of ingredients without preliminary agglomeration or granulation processes [3]. This 
method presents advantages over other tableting methods such as wet granulation as it requires 
shorter processing times, fewer excipients and reduced stability risk during processing [4]. Different 
pharmaceutical excipients can be used for direct compression, including a wide range of polymers 
[5–7]. These polymers include synthetic macromolecules, such as poly (vinyl pyrrolidone) or poly 
(acrylic acid), and natural polymers, such as cellulose [5]. 
Cellulose is one of the most important excipients used in tableting due to its excellent binding 
properties in the dry state [3]. Moreover, cellulose is the most abundant natural polymer on Earth 
[3,8,9]. This biopolymer is present in plant cell walls and, accordingly, is a renewable raw material 
[3,5,8]. However, in addition to cellulose and its derivatives, the majority of the excipients used in 
solid oral dosage forms are synthetic polymers [10]. The development of green and renewable 
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biopolymers that replace synthetic polymers for material production has attracted significant 
attention [11–15]. Accordingly, there is a need to find new renewable polymers that can be used for 
pharmaceutical applications [14–17]. Considering that the pharmaceutical excipient market is 
expected to be worth 8.53 USD billion by 2023 [18], extensive efforts have been made to develop new 
excipients for tablet preparation [19,20]. A good renewable and cost-effective candidate for this 
purpose is lignin (LIG). 
LIG is a biopolymer present in the cell walls of vascular plants formed by randomly crosslinked 
networks of methoxylated and hydroxylated phenylpropane [11,21–23]. This compound provides 
mechanical protection to the plant. Moreover, LIG protects the plants from external biological and 
chemical stresses as it possesses antioxidant and antimicrobial properties [24–28]. LIG is one of the 
most abundant polymers on Earth, second after cellulose [11,22,29,30]. The main difference between 
cellulose and LIG is that the latter remains relatively unexploited [11,31]. The majority of the close to 
70 million tonnes of LIG produced during cellulose extraction by the paper industry is burnt as low 
grade fuel or just discarded as a waste [11,32]. Less than 2% of the total amount of LIG produced is 
reused to manufacture specialty products [11]. Due to its abundance and added value properties 
(antioxidant and antimicrobial activities), LIG has considerable potential to be used in new functional 
and green materials. 
During the last decade, researchers have made extensive efforts to develop new LIG-based 
materials [11,33]. This biopolymer has been used in a wide variety of applications such as 
antimicrobial agent, antioxidant additive, UV protective agent, hydrogel forming molecule, 
nanoparticles component or binder in lithium batteries among others [34–41]. However, the use of 
LIG as excipient for pharmaceutical formulations is scarce, and only a few studies describe its use 
[19,42,43]. Accordingly, more work is necessary to complement the findings described in these papers 
to fully understand the potential of LIG as pharmaceutical excipient. 
In the present work, we propose the use of LIG as an excipient for direct compression in the 
preparation of drug containing tablets. For this purpose, a model drug was selected, tetracycline (TC), 
and was combined with LIG to prepare tablets. Additionally, LIG was combined with 
microcrystalline cellulose (MCC) to prepare different types of tablets. The tablets were characterised 
by evaluating their crushing strength, homogeneity of content, morphology, wettability, antioxidant 
properties and drug release. 
2. Materials and Methods  
2.1. Materials 
The LIG used was BioPiva 100, a softwood Kraft LIG purchased from UPM (Helsinki, Finland). 
Prior to its use, LIG was milled using a mortar and pestle in order to remove the existing lumps and 
subsequently placed into the oven at 60 °C for 24 h to remove excess moisture. Chemical 
characterisation and molecular mass of the used LIG sample was kindly provided by the supplier. 
Klason LIG content (TAPPI T 222 om-02) is around 92% of the dry matter and acid-soluble LIG 
(TAPPI UM 250) is around 4% of the dry matter. The sum of Klason LIG and acid-soluble LIG (96%) 
is commonly considered the value of total LIG content. On the other hand, the total amount of 
carbohydrates (SCAN-CM 71:09) accounts for around 2% of the dry matter and the content of 
inorganic particles (internal method, 700 °C) accounts for around 1% of the dry matter. Finally, the 
molar mass of this LIG sample is between 5000–6000 Da. These values are according to those found 
in other softwood Kraft LIG samples [38,44]. MCC, Avicel PH 102, was acquired by IMCD UK 
Limited (Sutton, UK). Finally, the model drug employed in this study, TC, was purchased from 
Honeywell Fluka™ (Leicestershire, UK). 
2.2. Powder Characterisation 
The morphology of MCC and LIG powder was evaluated by using scanning electronic 
microscopy (SEM). Pictures were taken under vacuum using a Hitachi TM3030 environmental SEM 
(Tokyo, Japan).  
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Malvern Mastersizer 3000 instrument (Malvern, UK) fitted with an Aero S dry dispersion unit 
was used to determine the particle size distributions of LIG and MCC. Approximately 1 g of each 
excipient was weighed and added to the general tray. Using an air pressure of 1 and 1.5 bar for MCC 
and LIG, respectively, and a feed rate of 40% to provide a reasonable flow of powder into the 
instrument. Three measurements were performed for each sample to give an estimate of the 
variability about the measurement. 
To determine bulk and tapped densities, approximately 50 g of each granule sample was poured 
into a 100 cm3 cylinder, and the volume was measured. Immediately after, the powder mass was 
tapped 50 times, and the volume was measured again [45]. Bulk and tapped densities were calculated 
using Equations (1) and (2) respectively and used to determine the Hausner ratio and the Carr’s 
compressibility index using Equations (3) and (4), respectively. The experiments were repeated three 
times. 
𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑎𝑠𝑠𝑉𝑜𝑙𝑢𝑚𝑒  (1) 
𝑇𝑎𝑝𝑝𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑎𝑠𝑠𝑇𝑎𝑝𝑝𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 (2) 
𝐻𝑎𝑢𝑠𝑛𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 =  𝑇𝑎𝑝𝑝𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  (3) 
𝐶𝑎𝑟𝑟 𝐼𝑛𝑑𝑒𝑥 =  𝑇𝑎𝑝𝑝𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑎𝑝𝑝𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  (4) 
The Brunauer–Emmet–Teller (BET) method was applied to calculate the specific surface area 
(SBET) and pore size of the MCC and LIG from the desorption curve. The samples were degassed 
under nitrogen flow, heated to 90 °C for 3 h and then to 150 °C for 24 h until they reached constant 
weight. These powder properties were analysed by means the nitrogen adsorption isotherm, using a 
Micrometrics TriStar II porosimeter. 
In order to evaluate the compactability of MCC and LIG powders, the Kawakita model was used 
(Equation (5)) [46].  
𝑃
𝐶 =  
𝑃
𝑎 +
1
𝑏 (5) 
The porosity of the samples was calculated using the Equation (6) [46]. 
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  1 − 𝐴𝑝𝑎𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑟𝑢𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  (6) 
where apparent density is the density of the powder out-of-die after applying a determined pressure 
(P). The theoretical densities of MCC and LIG were measured by using pycnometric density method 
(AccuPyc 1330, Micromeritics Instrument, Norcross, GA, USA). 
This equation correlates the degree of volume reduction (C) with the applied pressure (P). The 
Kawakita parameters (a and 1/b) are calculated after plotting the values of P/C vs. P. The values of C 
can be calculated using Equation (7) [47].  
𝐶 =  1 − 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (7) 
Apparent density is the density of the powder out-of-die after applying a determined pressure 
(P). Accordingly, in order to calculate C, specific amounts of powder were compressed at different 
pressures, and the density of the resulting tablets was calculated (Apparent density). 
Finally, Heckel equation (Equation (8)) was used to evaluate the densification of LIG and MCC 
powders under pressure [46]. 
𝐿𝑛 ൬ 11 − 𝐷൰ = 𝐾𝑃 + 𝐴 (8) 
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where D is the relative density of the tablet at applied pressure P, and K is the slope of the straight-
line portion of the Heckel plot. Moreover, 1/K gives mean yield pressure, Pγ, that is related to the 
yield strength of the material. The parameter A gives densification of the powder due to initial 
particle rearrangement (Da). Da is calculated from Equation (9). 
𝐷௔ = 1 − 𝑒ି஺ (9) 
2.3. Tablet Manufacture 
Cylindrical tablets of LIG and MCC with a diameter of 13 mm, a mass of approximately 500 mg 
and thicknesses of 2.56–2.85 mm were produced by using a manual hydraulic press (Specac Limited, 
England, UK) and by applying two different compression forces (2 or 5 tonnes) for 1 min, for each 
tablet formulation. Prior to compression the different excipients and the tetracycline were properly 
mixed in a 50 mL Falcon tube using a vortex mixer. For each tablet, tetracycline represented 50% of 
the total mass (250 mg), while the remaining 50% consisted of different proportions of the other 
constituents. Subsequently, the die was filled manually. 
2.4. Tablet Characterisation 
The properties of the produced tablets were assessed by applying test contained in the European 
Pharmacopeia 8.0. Tablet crushing strength (hardness) measurements were performed on at least 
three tablets for each different composition and applied compression force using a Tablet tester 5Y 
(Copley Scientific Limited, Nottingham, UK). In order to obtain the tensile strength equation 10 was 
used [48]. 
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔ℎ𝑡 =  2𝑃𝜋𝐷𝑡 (10) 
where P is crushing strength, D is the tablet diameter and t is the tablet thickness. 
For the mass uniformity, a minimum of 6 tablets were randomly selected and weighed. The 
average mass was then calculated, and the percentage deviation of each individual mass was 
determined. 
The morphology of the produced tablets was evaluated by using scanning electronic microscopy 
(SEM). Pictures were taken under vacuum using a Hitachi TM3030 environmental SEM (Tokyo, 
Japan). A Leica EZ4 D digital microscope (Leica, Wetzlar, Germany) equipped with florescence filters 
(excitation 440–460 nm and emission 500 nm) (Nightsea, Lexington, MA, USA) was used to evaluate 
the distribution of TC within the tablets. Additionally, in an attempt to better understand the 
behaviour of the used excipients (LIG and MCC) in an aqueous medium, these materials were soaked 
in deionised water for 30 min and observed in a Leica EZ4 D digital microscope (Leica, Wetzlar, 
Germany). 
The influence of the different excipient proportions employed on the contact angle of deionised 
water with the surface of the dry tablets was also evaluated using an Attension Theta equipment 
(Attension Theta, Biolin Scientific, Gothenburg, Sweden). OneAttension software analysed results to 
give an indication of the wettability of the surface. For this purpose, unloaded tablets (without 
tetracycline) applying a compression force of 5 tonnes were manufactured. The experiment was 
performed in triplicate. 
2.5. Dissolution Testing 
Dissolution testing of tablets was conducted according to the test method 2.9.3. of the European 
Pharmacopeia 8.0 by using a CALEVA 8ST dissolution tester (Caleva Process Solutions Ltd. Dorset, 
UK). The test was performed by placing a tablet in each vessel which was filled with 900 mL of 
distilled water and kept at a temperature of 37 °C. The paddle speed was adjusted to 75 rpm. The 
percentage of the released tetracycline was evaluated at defined time points using a UV–vis plate 
reader (PowerWave XS Microplate Spectrophotometer, Bio-Tek, Winooski, VT, USA) at a wavelength 
of 363 nm and after each measurement the medium was replaced with fresh media. Each 
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manufactured batch was assayed in triplicate. The concentration of the dissolved tetracycline was 
calculated based on a previous calibration curve (from 0 to 0.03125 mg/mL) at a wavelength of 363 
nm. 
2.6. LIG-Microcrystalline Cellulose Antioxidant Activity 
DPPH (2,2-diphenyl-1-picrylhydrozyl) (Sigma Aldrich; Dorset, UK) radical was employed to 
measure the antioxidant activity of the produced tablets based on the radical scavenging property of 
the LIG [26,49]. For this purpose, LIG, MCC, and their blends, according to the different tablet 
compositions, were dissolved in a dioxane (Sigma Aldrich; Dorset, UK)/water (90:10, vol/vol) 
solution with a concentration of 400 mg/L. Additionally, in order to assess the effect of the tetracycline 
on the antioxidant properties, a mixture containing LIG and MCC in a 1:1 ratio as well as tetracycline 
in the same proportions as the produced tablets was also dissolved in a dioxane/water (90:10, vol/vol) 
solution with a total concentration of 800 mg/L. On the other hand, a solution of 50 mg/L of DPPH in 
a dioxane/water (90:10, vol/vol) was made. Then, 70 µL of each mixture were mixed with 230 µL of 
the DPPH solution in a 96 well plate and the concentration of DPPH radicals were monitored at 517 
nm in triplicate using a UV–vis plate reader (PowerWave XS Microplate Spectrophotometer, Bio-Tek, 
Winooski, VT, USA). A control sample of 50 mg/L of DPPH was also evaluated. The radical 
scavenging activity (DPPH inhibition) was calculated as Equation (10) [26].  
𝐷𝑃𝑃𝐻 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  𝐴଴ − 𝐴௧ + 𝐴஻𝐴଴  (11) 
where A0 = absorbance at 0 min; At = absorbance at time t; and AB = absorbance of the blank solution 
(equivalent solution with no DPPH). 
2.7. Statistical Analysis 
All data presented in this paper were expressed as mean ± standard deviation. Results were 
compared using a paired, two-tailed Student’s t-test when comparing two means. When more than 
two means were compared, a One-Way Analysis of Variance (ANOVA) and Tukey’s HSD post-hoc 
test were used. In all cases, p < 0.05 was the minimum value considered acceptable for rejection of the 
null hypothesis. 
3. Results 
3.1. Powder Characterisation 
SEM microscopy was used to evaluate the morphology of the compounds used to prepare the 
tablets. The morphology MCC and LIG powders can be seen in Figure 1A. LIG powder presented a 
smaller particle size than MCC. This was confirmed by particle size measurements (Figure 1B). It is 
noticeable that MCC showed a monodisperse particle size distribution. This size distribution showed 
an average particle size of around 25 µm. Moreover, SEM images showed a relatively homogeneous 
particle size distribution for MCC with particles sizes ca. 25 µm (Figure 1A). This is consistent with 
the particle measured particle size distribution. On the other hand, LIG powder showed three main 
size populations. The majority of the particles presented a size around 6 µm. Moreover, some 
aggregates can be observed showing a size around 60 µm. Finally, the smaller population showed a 
size of around 0.3 µm. Again, these results were consistent with the SEM images that showed smaller 
particles for LIG and some aggregates (Figure 1A). The particle size displayed by LIG shows smaller 
granule size than the one reported by Penkina et al. for equivalent LIG (softwood Kraft LIG) that 
showed an average particle size of around 350 µm [19]. This factor is important as it has been reported 
that powders with smaller particle size distribution yield tablets with reduced crushing strength [50]. 
Moreover, the obtained particle sizes for LIG are smaller than the ones obtained by Pishnamazi et al. 
for Organosolv lignin ca. 100 µm [42,43]. 
The bulk density and tapped density of MCC and LIG powder were measured (Table 1). The 
obtained bulk and tapped densities of MCC are similar to the ones reported previously by other 
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authors [51,52]. On the other hand, LIG showed higher bulk and tapped densities than MCC (p < 
0.05). As the use of LIG as pharmaceutical excipient has been scarcely studied before, there are no 
reports of the bulk densities or tapped densities of LIG.  
 
Figure 1. SEM images showing the morphology of microcrystalline cellulose (MCC) and lignin (LIG) 
powder (A). The scale bar in all cases represents 100 µm. Particle size distribution for MCC and LIG 
powders (B). Porosity of LIG and MCC as a function of the pressure (C) Kawakita plots for LIG and 
MCC powders (D). Heckel plots for LIG and MCC (E). 
In order to evaluate the flow properties of LIG, Hausner ratio and Carr index were calculated 
(Table 1). Interestingly, the values of these parameters showed no significant differences for MCC 
and LIG (p > 0.05). The obtained values for Hausner ratio were between 1.12 and 1.18, and the Carr 
index values were between 11 and 15. Powders that fall in this category are considered to have 
“good” flow properties [53]. Accordingly, LIG shows promising flow properties to be used as 
pharmaceutical excipient. 
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Table 1. LIG and MCC densities, angle of repose, Hauser ratio and Carr index. 
Material Bulk Density 
(g/mL) 
Tapped Density 
(g/mL) 
Hausner 
Ratio 
Carr 
Index 
BET Specific 
Surface Area 
(m2/g) 
Pore Size 
(Å) 
Porosity 
MCC 0.306 ± 0.002 0.348 ± 0.008 1.13 ± 0.02 12 ± 2 1.53 294 0.80 ± 0.02 
LIG 0.354 ± 0.005 0.405 ± 0.005 1.14 ± 0.03 12 ± 2 5.45 238 0.74 ± 0.01 
Table 1 shows the pore size distribution of LIG and MCC powders and its BET measured surface 
areas. The surface areas obtained for MCC are in line with the values previously reported [54,55]. The 
pore sizes obtained for both materials are similar, however the specific surface area of LIG is higher 
than the one obtained for MCC. This is consistent with the results obtained for the particle size. LIG 
powder has smaller particle size and accordingly it presents higher surface area. The porosity of LIG 
and MCC powders was calculated (Table 1). MCC showed a larger amount of void space between 
particles than LIG. However, when MCC powder was compressed the resulting MCC tablets showed 
lower porosity than LIG tablets. Accordingly, this suggest that LIG is not as compactable as MCC. 
Kawakita and Heckel equations were used to study the compressibility and the densification of 
LIG and MCC powders. Figure 1D shows the Kawakita plots for both compounds. By applying 
Kawakita equation to this data the Kawakita parameters (a and 1/b) for MCC and LIG were obtained 
(Table 2). The parameter a represents the value of initial porosity [46]. Moreover, this value 
mathematically represents the degree of compression or engineering strain at infinite pressure. It also 
represents to the total portion of volume that is reducible at maximum pressure. The obtained values 
of a for MCC and LIG suggest that both materials have similar porosity. This is consistent with the 
pore size values measured using BET (Table 1). Moreover, this suggest that both materials have 
similar degree of compressibility at infinite pressure. On the other hand, the 1/b parameter represents 
the pressure required to compress the powder to half of the total volume reduction [46]. Additionally, 
1/b is proposed to be related to the yield strength and plasticity of the material [46]. MCC and LIG 
showed different values for the 1/b parameter. These values suggested that MCC requires less 
pressure to be compacted to the same degree than LIG. Moreover, these values suggest that LIG has 
a higher yield strength and plasticity than MCC. On the other hand, Heckel parameters showed that 
MCC presented higher densification and hence lower Py values. Moreover, Da values showed that 
the densification due to initial particle rearrangement is also higher for MCC than for LIG. 
Accordingly, MCC is easier to densify than LIG. This is consistent with the obtained values of 
porosity at different pressures (Figure 1C). 
Table 2. Kawakita and Heckel Parameters calculated for MCC and LIG powders. 
 Kawakita Heckel 
a 1/b (MPa) Pγ (MPa) Da 
MCC 0.80 ± 0.01 2.3 ± 0.4 242 ± 32 0.88 ± 0.01
LIG 0.73 ± 0.01 7.9 ± 1.0  361 ± 77 0.78 ± 0.03
3.2. Tablet Morphology and Characterisation 
Figure 2A shows a picture of all the TC containing tablets prepared using LIG and MCC as 
excipients. All the blends were successfully compressed to form tablets using two different 
compression forces: 2 and 5 tonnes. It is noticeable that tablets with higher LIG content present a 
darker colour due to the colour of LIG. Moreover, Table 3 shows that as expected, tablets prepared 
using 5 tonnes of compression force showed a lower thickness (p < 0.05) and, accordingly, a higher 
density (p < 0.05). This can be seen in Figure 2B. Also, LIG content in the formulations has a strong 
influence in the density of the resulting formulation. Tablets prepared using higher amounts of LIG 
showed lower thickness and density. However, the differences in the densities of tablets made with 
less than 50% of LIG in the excipients did not show significant differences between them (5 tonnes: 
0%/25% LIG, p = 0.783; 0%/50% LIG, p = 0.098; 25%/50% LIG, p = 0.674; 2 tonnes: 0%/25% LIG, p = 
0.326; 25%/50% LIG, p = 0.609). These findings are in line with the results obtained from the Kawakita 
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analysis of the powders. LIG showed lower compactability than MCC. Accordingly, LIG containing 
tablets will present lower densities than the ones containing higher amounts of MCC. 
Tablets prepared using only LIG as excipient showed a more heterogeneous mass distribution 
(p < 0.05). On the other hand, there were no significant differences in the mass homogeneity for the 
other tablets (p > 0.05). They showed higher percentage of variability (see mass uniformity in Table 
3) when compressed using 2 or 5 tonnes. When the only excipient used was LIG, the resulting tablets 
were more brittle and more prone to lose weight. This was consistent with the density values (Figure 
2B) that drops when MCC is not used in the formulations. This is especially noticeable when using 2 
tonnes as compression force. Additionally, tablet crushing strength followed a similar pattern (Figure 
2C). Tablets displaying a value of 441 N (L05 and L25) of crushing strength were not fractured during 
the test as this is the maximum value that the testing equipment can measure. The force required to 
fracture the tablets is higher for the formulations containing lower amounts of LIG as excipient. When 
the tablets were compressed using 5 tonnes the resulting tablets are harder (p < 0.05). Interestingly, 
formulations prepared using 100% of LIG or MCC showed similar crushing strength independently 
of the compression forces. Moreover, the statistical analysis showed no significant differences in 
crushing strength for these two types of tablets (p > 0.05). On the other hand, when the tablets were 
prepared using blends of MCC and LIG as excipients the crushing strength of the tablets is reduced 
(p < 0.05). Tablets containing 25% and 0% (only MCC) of LIG in the excipients compressed using 5 
tonnes showed equivalent crushing strength (p > 0.05). Similarly, tablets containing MCC/LIG blends 
prepared using 2 tonnes of compression force displayed lower crushing strengths. Finally, tablets 
containing 25%, 50% and 75% of LIG in the excipients compressed using 2 tonnes showed no 
significant crushing strength differences (p > 0.05). The crushing strength of the tablets is influenced 
by the geometry, as tablets showed different thicknesses depending on the compositions. Tensile 
strength (Figure 2D) can be used to compare different geometries. The results suggested that as 
expected when LIG content increased the tensile strength of the tablets is reduced significantly (p < 
0.05). 
Table 3. Characteristics of prepared tablet formulations. The prepared tablets showed a diameter of 
13.10 ± 0.01 mm. 
Formulation 
Compression 
(Tonnes/MPa) 
Excipient Composition 
(%) Thickness 
(mm) 
Mass Uniformity 
(%) 
LIG MCC 
L02 
2.0/147.8 
0.0 100.0 2.70 ± 0.02 0.5 ± 0.7 
L22 25.0 75.0 2.74 ± 0.01 0.7 ± 0.4 
L52 50.0 50.0 2.76 ± 0.01 1.1 ± 0.4 
L72 75.0 25.0 2.82 ± 0.01 1.2 ± 0.3 
L102 100.0 0.0 2.85 ± 0.02 6.5 ± 1.3 
L05 
5.0/369.4 
0.0 100.0 2.56 ± 0.01 0.8 ± 0.3 
L25 25.0 75.0 2.58 ± 0.02 1.1 ± 0.3 
L55 50.0 50.0 2.61 ± 0.01 1.3 ± 0.3 
L75 75.0 25.0 2.69 ± 0.01 1.9 ± 0.6 
L105 100.0 0.0 2.72 ± 0.01 5.6 ± 2.7 
As described before, the addition of LIG to the tablets reduced tablet density. Accordingly, the 
structure presented a less compact structure. This explains why LIG containing tablets displayed 
lower crushing strengths than tablets prepared using only MCC as excipient. 
As described previously, Penkina et al. used LIG to prepare tablets before. These tablets 
presented slightly higher resistance to fracture [19]. However, in this work the tablets were prepared 
using pure LIG, and they did not contain any drug like in the present work. On the other hand, 
Pishnamazi et al. described the use of lignin as excipient to prepare tablets containing acetylsalicylic 
acid [43]. Interestingly, these tablets displayed crushing strength close to 10 times lower (ca. 40 N) 
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than the ones described in the present manuscript. However, these tablets contained lubricant and 
disintegrant (magnesium stearate and croscarmellose sodium). 
 
Figure 2. Images of all the tablets prepared (A). Density (B), hardness (C) and tensile strength (D) of 
the tablets as a function of the percentage of LIG used as excipient. 
Microscopy was used to evaluate the morphology of the tablets (Figure 3). First of all, 
fluorescence microscopy was used to evaluate the distribution of TC within the tablets. Figure 3 
shows TC emitting fluorescence within a tablet this indicates that TC is uniformly distributed within 
the matrix. Moreover, the morphology of the tablets was observed using SEM (Figure 3); it is 
noticeable that tablets prepared using 5 tonnes as the compression force showed a more compact 
structure than when compressed using 2 tonnes. The latter showed a more noticeable interface 
between particles. Moreover, tablets prepared using LIG as the only excipient (L102 and L105) 
showed an apparently a more compact structure. However, by having a look at the previous results, 
these tablets presented a higher thickness and a lower density. Accordingly, this more compact 
appearance can be attributed to the smaller particle size displayed by LIG powder (Figure 1). The 
same effect can be observed for L52 and L55 shows an apparent more compact structure than L02 
and L05 while showing lower densities. 
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Figure 3. Fluorescence microscope image of tablets made of LIG with and without TC (first two 
panels). SEM images showing the morphology of TC powder and the surface of the tablets prepared 
(panel 3 to panel 9). The scale bar in all cases represents 100 µm. 
Penkina et al. studied the mechanical properties of LIG powder when compressed, reporting 
that MCC showed better consolidation and deformation under compression values than LIG from 
different sources [19]. These results are consistent with the results presented here, showing that the 
inclusion of LIG in the formulations reduced tablet crushing strength and density. When pure LIG 
was used, there was a considerable decrease in tablet crushing strength and densities. However, 
when LIG/MCC blends were used as excipients they showed crushing strength (resistance to 
crushing) values higher than 200 N. These values were lower than the ones obtained for tablets 
formulated using MCC as binder. Nevertheless, LIG present other properties that can provide added 
value to the final product, such as antimicrobial and antioxidant properties [24–28].  
3.3. Tetracycline Release from LIG/MCC Tablets 
The influence of LIG in the release profile of the formulation was studied. Figure 4A,B shows 
the drug release profile of the LIG/MCC tablets. Tablets prepared using 2 tonnes of compression force 
(Figure 4A,C) showed TC releases ranging from 66% to 91% of the drug loading. The formulations 
prepared using LIG as the only excipient (L102) showed the slower release profile. When MCC is 
added to the formulations a higher TC release was observed. The maximum amount of TC released 
was obtained for L52 (Figure 4C). However, the difference maximum TC release obtained for L52 and 
L22 is not statistically significant (p = 0.329). When the percentage of LIG starts to be higher than the 
MCC, one TC release start to decrease (p < 0.05). 
When the compression force was increased, the resulting tablets displayed a lower amount of 
TC release (Figure 4B,C) (p < 0.05). This can be easily explained by having a look at the previous 
results. Tablets prepared using 5 tonnes of force showed higher density and crushing strength (Figure 
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2B,C). Accordingly, tablets cannot be completely disintegrated during the release. These tablets 
showed a swollen structure with an evident mass loss. In this case a maximum in the release profiles 
cannot be observed when LIG and MCC are used as excipients at a 1/1 ratio. Tablets containing 0%, 
25%, or 50% of LIG did not show any significant difference in the maximum TC release (p > 0.05). 
However, when the content of LIG in the excipients is higher than 50% TC release is affected and 
reduces (p < 0.05). The max TC released by tablets prepared containing a 75% or 100% of LIG in the 
excipients can be considered equivalent (p = 0.937). 
 
Figure 4. Tetracycline release profiles for LIG/MCC tablets prepared using 2 (A) and 5 (B) tonnes of 
compression force. Maximum TC release as a function of: the percentage of LIG used as excipient (C) 
and the tensile strength of the tablets (D). 
Pressure totally modifies the release profile. The percentage of release is not the only factor that 
needs to be considered. Figure 4A,B show that the release profiles obtained when the tablets were 
compressed using a compression force of 2 tonnes are all similar. However, tablets prepared using a 
higher compression force showed a different release profile. The tablets prepared using MCC as 
excipient (L02 and L05) showed similar release profile. The only difference is that L05 displayed a 
lower TC release due to the higher compression. L05 showed higher density and crushing strength 
(Figures 1B,C), and this explains why the tablets did not disintegrate as easily as L02. 
When LIG is added to the tablets, the release profile shows a “jump” in the release profile at 
certain time points that was not observed for MCC only containing tablets. This “jump” can be 
observed at later times for formulations containing higher amounts of LIG. Finally, L105 did not show 
any “jump” in the release profile. This formulation showed a sustained but incomplete release curve. 
During the release, some formulations displayed tablet fracture (the tablet was separated into two or 
more pieces). This fracture was mainly observed only in formulations that contains MCC as excipient. 
Accordingly, this jump can be associated with this fracture. 
The long release profiles obtained suggest that this type of tablets will be suitable for sustained 
release. Tablets with release profiles as sustained as the ones described here should be retained in 
patient’s body to allow the drug to be absorbed. Accordingly, these systems can be ideal to develop 
floatable or sinkable tablets that can be retained in the stomach for longer periods of time [56].  
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The chemical nature of the excipients has a strong influence in the release profile of the tablets 
as can be seen in Figure 4C,D. Tablets with lower crushing strength are expected to show a quicker 
release profile [57]. However, in this case, tablets with higher LIG content showed the lower tensile 
strenght and the lower TC release. This can be explained by having a look at the nature of LIG. LIG 
is a hydrophobic molecule. Accordingly, tablets with higher LIG content will display certain degree 
of hydrophobicity. In order to evaluate this parameter, tablets were prepared using only MCC and 
LIG, and the static contact angle of water with their surfaces was evaluated (Figure 5A). It can be seen 
that as expected formulations with higher LIG content showed higher contact angle values. There 
was no significant difference between the obtained contact angle for tablets containing 0% and 25% 
of LIG (p = 0.371). On the other hand, tablets were more hydrophobic when the content of LIG was 
higher than 50% the (p < 0.05). Interestingly, there were no significant differences in the contact angles 
obtained for tablets containing 50%, 75% and 100% of LIG (p > 0.05). 
 
Figure 5. Static contact angle obtained for tablets using different concentrations of LIG and MCC (A). 
These tablets contain no drug. Pictures showing MCC and LIG powder dry and in water (B). The scale 
bar shows a distance of 0.5 mm. 
This shows that the resulting tablets are not as wettable. Consequently, the access of water to the 
tablet will be more restricted in formulations containing higher LIG contents. Similar results were 
reported by Notley et al. for LIG and cellulose thin films [58]. Moreover, MCC shows a tendency to 
swell when immersed in water (Figure 5B) while LIG due to its hydrophobic nature did not show 
any swelling capabilities in water (Figure 5B). These factors can explain why formulations containing 
higher amounts of LIG presented lower TC releases. LIG did not swell when immersed in water. Due 
to its hydrophobicity, this biopolymer precludes tablet disintegration. Accordingly, this prevents TC 
release from the inner layers of the tablet.  
As mentioned before these results can be correlated with tablet disintegration. Figure S1 
(Supporting information) shows images of the tablets at different times after placing them in water. 
It is obvious that tablets prepared using 5 tonnes of compression force are not disintegrating as easily 
as tablets prepared with lower compression forces. The “jumps” observed in the release profiles can 
be correlated with the fracture of the tablets when placed in water (Figure S1). L25 tablets fractured 
after 2 h while L55 tablets fractured at 3 h. On the other hand, it can be seen that L02 and L102 tablets 
did not disintegrate during the first 3 h while tablets containing LIG/MCC were totally disintegrated 
after 2 h. This is consistent with the release data that shows LIG/MCC tablets prepared using 2 tonnes 
showed higher TC release. Moreover, when LIG/PBS blends were incorporated into the formulation, 
the disintegration of the tablets is faster. Tablets containing only MCC or LIG as excipient take longer 
to start disintegrating. This is consistent with the dissolution profiles (Figure 4).  
As shown in Figure 5, MCC showed water uptake capacity while LIG did not. This gelation of 
MCC would explain the quick disintegration of MCC/LIG tablets. When MCC started to swell, this 
led to the disintegration of the tablet containing LIG as this molecule is hydrophobic (Figure 5). These 
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findings are consistent with the ones reported by Pishnamazi et al. [43]. In this work, the use of lignin 
as excipient to prepare tablets containing acetylsalicylic acid is described. LIG containing tablets 
disintegrated faster than the ones that did not contain it. Moreover, this work showed faster 
dissolution profiles than the ones described in the present work. However, in this case the amount of 
drug was only a 5% (w/w) of the tablet and tablets contained disintegrants to make the release quicker. 
Finally, the tablets were more brittle than the ones described in the present work. This work study 
complements the one published by Pishnamazi et al. as it shows that LIG can be used as an excipient 
to prepare tablets with a wide variety of characteristics tailored to specific applications [43]. 
The overall results suggest that LIG is not an ideal excipient for tablet manufacturing when used 
in high concentrations and/or prepared using high compaction pressures as it leads to incomplete 
drug releases. However, when combined with MCC in combinations up to 1:1, it can be used to 
change the release properties of the tablets. It improves the disintegration of the tablets at shorter 
times and improves the amount of drug released. 
3.4. Antioxidant Capabilities of LIG and MCC Blends 
LIG is a well-known antioxidant compound [59–61]. This property could provide added value 
to the final product. It can be included as a protective agent that will prevent the degradation of drugs 
in the formulation. 
Figure 6 shows the results of the DPPH assay developed to ascertain the antioxidant capabilities 
of LIG/MCC blends. Figure 6A shows the antioxidant capabilities of the blends as a function of the 
incubation time in combination with DPPH. As expected, blends containing higher amounts of LIG 
showed higher antioxidant capacity. Moreover, formulations containing only MCC showed very low 
antioxidant capacity in comparison wo the other formulation. The antioxidant activity is affected by 
the incubation time (Figure 6A,B). Blends containing 75% of LIG showed similar antioxidant activity 
to pure LIG. The antioxidant capacity of LIG/MCC (50/50) and TC was measured to evaluate if there 
are synergistic effects as TC has been reported to have antioxidant activity in the past. However, in 
this case, we can see that the antioxidant activity of the formulation containing TC is equivalent to 
the equivalent formulation without TC (50% LIG).  
 
Figure 6. DPPH inhibition for LIG/MCC blends as a function of the LIG content for different 
incubation times (A). DPPH inhibition as a function of the incubation time for LIG/MCC dissolutions 
containing different amounts of LIG (B). 
The antioxidant properties of different types of LIG have been proven in the past [26,49]. On the 
other hand, the antioxidant properties of MCC/LIG blends are lower than those of pure LIG. This is 
obvious, as MCC did not show any noticeable antioxidant activity (Figure 6). The incorporation of 
antioxidant excipients can be extremely beneficial for pharmaceutical formulations as they can 
provide protection to the active pharmaceutical ingredient [62]. The use of LIG as excipient can be 
extremely beneficial to be incorporated in dietary supplement tablets due to its antioxidant properties 
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or to add value as a pharmaceutical excipient. Finally, it has been reported that LIG could provide 
benefits for human health, such as obesity control, antiviral activity, immunomodulation or 
anticoagulant activity [63].  
4. Conclusions 
In the present work, the use of LIG as excipient for tablet manufacturing via-direct compression 
has been studied. Studies describing pharmaceutical applications of LIG are scarce. In the present 
work, we demonstrated that LIG can be used to modify the dissolution profile of tablets when 
combined with MCC. By modifying different factors such as compaction pressure and LIG content, 
the release profile can be modified. Tablets made using LIG as the only excipient were fragile and 
were not able to release as much TC as the formulations prepared using LIG/MCC blends as excipient. 
However, the addition of smaller LIG quantities to the excipients can be used as a potential 
alternative to modify the drug release profile. Moreover, it was demonstrated that LIG/MCC had 
antioxidant activity that could play a crucial role to prevent the oxidation of the active ingredients in 
the formulation. 
There is an urgent need to find renewable biopolymers that can substitute synthetic ones. The 
pharmaceutical industry extensively uses cellulose and cellulose derivatives that are natural 
biopolymers. However, there are a wide variety of synthetic pharmaceutical excipients used 
nowadays. Replacing all of them with natural ones is not possible due to certain limitations of natural 
biopolymers, such as their variability. However, LIG can be used as a pharmaceutical excipient for 
tablets not only for pharmaceutical applications. The scientific community is making extensive efforts 
to try to bring natural alternatives to cover this gap. Moreover, dietary supplements or even 
fertilizing containing tablets can be prepared using LIG as excipient. Consequently, LIG has proven 
to show interesting properties and, accordingly, we believe that its uses as pharmaceutical excipient 
should be exploited for different applications. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Images of 
TC containing tablets at different times after placing them in water. 
Author Contributions: Conceptualization, J.D.-R. and E.L.; methodology, J.D.-R. and E.L.; investigation and 
formal analysis, J.D.-R., Z.G. A.R. and E.L.; data curation, E.L. and J.D.-R.; writing, E.L., S.A.S. and J.D.-R.; 
writing—review and editing, E.L. and S.A.S.; and supervision, E.L. and R.F.D. 
Funding: This research received no external funding 
Conflicts of Interest: The authors declare no conflicts of interest. 
References 
1. Mirani, A.G.; Patankar, S.P.; Borole, V.S.; Pawar, A.S.; Kadam, V.J. Direct Compression High Functionality 
Excipient using Coprocessing Technique: A Brief Review. Curr. Drug Deliv. 2011, 8, 426–435. 
2. Ibrahim, I.R.; Ibrahim, M.I.; Al-Haddad, M.S. The Influence of Consumers’ Preferences and Perceptions of 
Oral Solid Dosage Forms on their Treatment. Int. J. Clin. Pharm. 2012, 34, 728–732. 
3. Thoorens, G.; Krier, F.; Leclercq, B.; Carlin, B.; Evrard, B. Microcrystalline Cellulose, a Direct Compression 
Binder in a Quality by Design Environment—A Review. Int. J. Pharm. 2014, 473, 64–72. 
4. Jivraj, I.I.; Martini, L.G.; Thomson, C.M. An Overview of the Different Excipients Useful for the Direct 
Compression of Tablets. Pharm. Sci. Technol. Today 2000, 3, 58–63. 
5. Beneke, C.E.; Viljoen, A.M.; Hamman, J.H. Polymeric Plant-Derived Excipients in Drug Delivery. Molecules 
2009, 14, 2602–2620. 
6. Larrañeta, E.; Martínez-Ohárriz, C.; Vélaz, I.; Zornoza, A.; Machín, R.; Isasi, J.R. In Vitro Release from 
Reverse Poloxamine/Α-Cyclodextrin Matrices: Modelling and Comparison of Dissolution Profiles. J. Pharm. 
Sci. 2014, 103, 197–206. 
7. Hsein, H.; Garrait, G.; Tamani, F.; Beyssac, E.; Hoffart, V. Denatured Whey Protein Powder as a New Matrix 
Excipient: Design and Evaluation of Mucoadhesive Tablets for Sustained Drug Release Applications. 
Pharm. Res. 2017, 34, 365–377. 
Biomolecules 2019, 9, 423 15 of 17 
8. Ragauskas, A.J.; Beckham, G.T.; Biddy, M.J.; Chandra, R.; Chen, F.; Davis, M.F.; Davison, B.H.; Dixon, R.A.; 
Gilna, P.; Keller, M.; et al. Lignin Valorization: Improving Lignin Processing in the Biorefinery. Science 2014, 
344, 1246843. 
9. Pandele, A.M.; Comanici, F.E.; Carp, C.A.; Miculescu, F.; Voicu, S.I.; Thakur, V.K.; Serban, B.C. Synthesis 
and Characterization of Cellulose Acetate-Hydroxyapatite Micro and Nano Composites Membranes for 
Water Purification and Biomedical Applications. Vacuum 2017, 146, 599–605. 
10. Debotton, N.; Dahan, A. Applications of Polymers as Pharmaceutical Excipients in Solid Oral Dosage 
Forms. Med. Res. Rev. 2017, 37, 52–97. 
11. Kai, D.; Tan, M.J.; Chee, P.L.; Chua, Y.K.; Yap, Y.L.; Loh, X.J. Towards Lignin-Based Functional Materials 
in a Sustainable World. Green Chem. 2016, 18, 1175–1200. 
12. Savy, D.; Mazzei, P.; Drosos, M.; Cozzolino, V.; Lama, L.; Piccolo, A. Molecular Characterization of Extracts 
from Biorefinery Wastes and Evaluation of their Plant Biostimulation. ACS Sustain. Chem. Eng. 2017, 5, 
9023–9031. 
13. Mohammadinejad, R.; Karimi, S.; Iravani, S.; Varma, R.S. Plant-Derived Nanostructures: Types and 
Applications. Green Chem. 2016, 18, 20–52. 
14. Turner, M.K. Pharmaceuticals from Agriculture: Manufacture of Discovery? Ind. Crops Prod. 1992, 1, 125–
131. 
15. Daudt, R.M.; Külkamp-Guerreiro, I.C.; Cladera-Olivera, F.; Thys, R.C.S.; Marczak, L.D.F. Determination of 
Properties of Pinhão Starch: Analysis of its Applicability as Pharmaceutical Excipient. Ind. Crops Prod. 2014, 
52, 420–429. 
16. Sharma, V.K.; Mazumdar, B. Feasibility and Characterization of Gummy Exudate of Cochlospermum 
Religiosum as Pharmaceutical Excipient. Ind. Crops Prod. 2013, 50, 776–786. 
17. Wroblewska-Krepsztul, J.; Rydzkowski, T.; Michalska-Pozoga, I.; Thakur, V.K. Biopolymers for Biomedical 
and Pharmaceutical Applications: Recent Advances and Overview of Alginate Electrospinning. 
Nanomaterials 2019, 9, 404, doi:10.3390/nano9030404. 
18. marketsandmarkets.com. Pharmaceutical Excipients Market by Type (Organic Chemical (Carbohydrate, 
Petrochemical), Inorganic Chemical), Functionality (Filler, Coating, Disintegrant, Binder), Formulation 
(Tablet, Capsule, Topical, Parenteral)—Global Forecast to 2023. Research and Markets, 19 April 2018. 
19. Penkina, A.; Antikainen, O.; Hakola, M.; Vuorinen, S.; Repo, T.; Yliruusi, J.; Veski, P.; Kogermann, K.; 
Heinamaki, J. Direct Compression of Cellulose and Lignin Isolated by a New Catalytic Treatment. AAPS 
PharmSciTech 2013, 14, 1129–1136. 
20. Saha, S.; Shahiwala, A.F. Multifunctional Coprocessed Excipients for Improved Tabletting Performance. 
Expert Opin. Drug Deliv. 2009, 6, 197–208. 
21. Santos, R.B.; Capanema, E.A.; Balakshin, M.Y.; Chang, H.M.; Jameel, H. Lignin Structural Variation in 
Hardwood Species. J. Agric. Food Chem. 2012, 60, 4923–4930. 
22. Gellerstedt, G. Softwood Kraft Lignin: Raw Material for the Future. Ind. Crops Prod. 2015, 77, 845–854. 
23. Costa, S.; Rugiero, I.; Larenas Uria, C.; Pedrini, P.; Tamburini, E. Lignin Degradation Efficiency of Chemical 
Pre-Treatments on Banana Rachis Destined to Bioethanol Production. Biomolecules 2018, 8, 141, 
doi:10.3390/biom8040141. 
24. Thakur, V.K.; Thakur, M.K. Recent Advances in Green Hydrogels from Lignin: A Review. Int. J. Biol. 
Macromol. 2015, 72, 834–847. 
25. Domínguez-Robles, J.; Espinosa, E.; Savy, D.; Rosal, A.; Rodríguez, A. Biorefinery Process Combining 
Specel® Process and Selective Lignin Precipitation using Mineral Acids. Bioresources 2016, 11, 7061–7077. 
26. Liu, D.; Li, Y.; Qian, Y.; Xiao, Y.; Du, S.; Qiu, X. Synergistic Antioxidant Performance of Lignin and 
Quercetin Mixtures. ACS Sustain. Chem. Eng. 2017, 5, 8424–8428. 
27. Domínguez-Robles, J.; Tarrés, Q.; Delgado-Aguilar, M.; Rodríguez, A.; Espinach, F.X.; Mutjé, P. 
Approaching a New Generation of Fiberboards Taking Advantage of Self Lignin as Green Adhesive. Int. J. 
Biol. Macromol. 2018, 108, 927–935. 
28. Greco, L.; Ullo, S.; Rigano, L.; Fontana, M.; Berardesca, E. Evaluation of the Soothing and Protective 
Properties of a Lignin Hydrolyzate. Cosmetics 2019, 6, 38. 
29. Oliviero, M.; Verdolotti, L.; Di Maio, E.; Aurilia, M.; Iannace, S. Effect of Supramolecular Structures on 
Thermoplastic Zein-Lignin Bionanocomposites. J. Agric. Food Chem. 2011, 59, 10062–10070. 
30. Thakur, V.K.; Thakur, M.K.; Raghavan, P.; Kessler, M.R. Progress in Green Polymer Composites from 
Lignin for Multifunctional Applications: A Review. ACS Sustain. Chem. Eng. 2014, 2, 1072–1092. 
Biomolecules 2019, 9, 423 16 of 17 
31. Nandiwale, K.Y.; Danby, A.M.; Ramanathan, A.; Chaudhari, R.V.; Subramaniam, B. Zirconium-
Incorporated Mesoporous Silicates show Remarkable Lignin Depolymerization Activity. ACS Sustain. 
Chem. Eng. 2017, 5, 7155–7164. 
32. Stewart, D. Lignin as a Base Material for Materials Applications: Chemistry, Application and Economics. 
Ind. Crops Prod. 2008, 27, 202–207. 
33. Rencoret, J.; Prinsen, P.; Gutierrez, A.; Martinez, A.T.; Del Rio, J.C. Isolation and Structural Characterization 
of the Milled Wood Lignin, Dioxane Lignin, and Cellulolytic Lignin Preparations from Brewer’s Spent 
Grain. J. Agric. Food Chem. 2015, 63, 603–613. 
34. Kai, D.; Low, Z.W.; Liow, S.; Abdul Karim, A.; Ye, H.; Jin, G.; Li, K.; Loh, X.J. Development of Lignin 
Supramolecular Hydrogels with Mechanically Responsive and Self-Healing Properties. ACS Sustain. Chem. 
Eng. 2015, 3, 2160–2169. 
35. Dominguez-Robles, J.; Martin, N.K.; Fong, M.L.; Stewart, S.A.; Irwin, N.J.; Rial-Hermida, M.I.; Donnelly, 
R.F.; Larraneta, E. Antioxidant PLA Composites Containing Lignin for 3D Printing Applications: A 
Potential Material for Healthcare Applications. Pharmaceutics 2019, 11, 165, 
doi:10.3390/pharmaceutics11040165. 
36. Kai, D.; Zhang, K.; Jiang, L.; Wong, H.Z.; Li, Z.; Zhang, Z.; Loh, X.J. Sustainable and Antioxidant Lignin-
Polyester Copolymers and Nanofibers for Potential Healthcare Applications. ACS Sustain. Chem. Eng. 2017, 
5, 6016–6025. 
37. Thakur, S.; Govender, P.P.; Mamo, M.A.; Tamulevicius, S.; Mishra, Y.K.; Thakur, V.K. Progress in Lignin 
Hydrogels and Nanocomposites for Water Purification: Future Perspectives. Vacuum 2017, 146, 342–355. 
38. Domínguez-Robles, J.; Peresin, M.S.; Tamminen, T.; Rodríguez, A.; Larrañeta, E.; Jääskeläinen, A.S. Lignin-
Based Hydrogels with “super-Swelling” Capacities for Dye Removal. Int. J. Biol. Macromol. 2018, 115, 1249–
1259. 
39. Larrañeta, E.; Imízcoz, M.; Toh, J.X.; Irwin, N.J.; Ripolin, A.; Perminova, A.; Domíguez-Robles, J.; 
Rodríguez, A.; Donnelly, R.F. Synthesis and Characterization of Lignin Hydrogels for Potential 
Applications as Drug Eluting Antimicrobial Coatings for Medical Materials. ACS Sustain. Chem. Eng. 2018, 
6, 9037–9046. 
40. Figueiredo, P.; Lintinen, K.; Kiriazis, A.; Hynninen, V.; Liu, Z.; Bauleth-Ramos, T.; Rahikkala, A.; Correia, 
A.; Kohout, T.; Sarmento, B.; et al. In Vitro Evaluation of Biodegradable Lignin-Based Nanoparticles for 
Drug Delivery and Enhanced Antiproliferation Effect in Cancer Cells. Biomaterials 2017, 121, 97–108. 
41. Domínguez-Robles, J.; Sánchez, R.; Díaz-Carrasco, P.; Espinosa, E.; García-Domínguez, M.T.; Rodríguez, 
A. Isolation and Characterization of Lignins from Wheat Straw: Application as Binder in Lithium Batteries. 
Int. J. Biol. Macromol. 2017, 104, 909–918. 
42. Pishnamazi, M.; Casilagan, S.; Clancy, C.; Shirazian, S.; Iqbal, J.; Egan, D.; Edlin, C.; Croker, D.M.; Walker, 
G.M.; Collins, M.N. Microcrystalline Cellulose, Lactose and Lignin Blends: Process Mapping of Dry 
Granulation Via Roll Compaction. Powder Technol. 2019, 341, 38–50. 
43. Pishnamazi, M.; Iqbal, J.; Shirazian, S.; Walker, G.M.; Collins, M.N. Effect of Lignin on the Release Rate of 
Acetylsalicylic Acid Tablets. Int. J. Biol. Macromol. 2019, 124, 354–359. 
44. Domínguez-Robles, J.; Tamminen, T.; Liitiä, T.; Peresin, M.S.; Rodríguez, A.; Jääskeläinen, A.S. Aqueous 
Acetone Fractionation of Kraft, Organosolv and Soda Lignins. Int. J. Biol. Macromol. 2018, 106, 979–987. 
45. Ahuja, S.; Scypinski, S. Handbook of Modern Pharmaceutical Analysis; Elsevier Science: Amsterdam, The 
Netherlands, 2001. 
46. Khomane, K.S.; More, P.K.; Raghavendra, G.; Bansal, A.K. Molecular Understanding of the Compaction 
Behavior of Indomethacin Polymorphs. Mol. Pharm. 2013, 10, 631–639. 
47. Nordstrom, J.; Klevan, I.; Alderborn, G. A Particle Rearrangement Index Based on the Kawakita Powder 
Compression Equation. J. Pharm. Sci. 2009, 98, 1053–1063. 
48. Newton, J.M.; Rowley, G.; Fell, J.T.; Peacock, D.G.; Ridgway, K. Computer Analysis of the Relation between 
Tablet Strength and Compaction Pressure. J. Pharm. Pharmacol. 1971, 23, 195S–201S. 
49. Sadeghifar, H.; Wells, T.; Le, R.K.; Sadeghifar, F.; Yuan, J.S.; Ragauskas, A.J. Fractionation of Organosolv 
Lignin using Acetone:Water and Properties of the obtained Fractions. ACS Sustain. Chem. Eng. 2017, 5, 580–
587. 
50. Santl, M.; Ilic, I.; Vrecer, F.; Baumgartner, S. A Compressibility and Compactibility Study of Real Tableting 
Mixtures: The Effect of Granule Particle Size. Acta Pharm. 2012, 62, 325–340. 
Biomolecules 2019, 9, 423 17 of 17 
51. Rojas, J.; Lopez, A.; Guisao, S.; Ortiz, C. Evaluation of several Microcrystalline Celluloses obtained from 
Agricultural by-Products. J. Adv. Pharm. Technol. Res. 2011, 2, 144–150. 
52. Kumar, V.; de la Luz Reus-Medina, M.; Yang, D. Preparation, Characterization, and Tabletting Properties 
of a New Cellulose-Based Pharmaceutical Aid. Int. J. Pharm. 2002, 235, 129–140. 
53. Shah, R.B.; Tawakkul, M.A.; Khan, M.A. Comparative Evaluation of Flow for Pharmaceutical Powders and 
Granules. AAPS PharmSciTech 2008, 9, 250–258. 
54. Ardizzone, S.; Dioguardi, F.S.; Mussini, T.; Mussini, P.R.; Rondinini, S.; Vercelli, B.; Vertova, A. 
Microcrystalline Cellulose Powders: Structure, Surface Features and Water Sorption Capability. Cellulose 
1999, 6, 57–69. 
55. Hentzschel, C.M.; Sakmann, A.; Leopold, C.S. Comparison of Traditional and Novel Tableting Excipients: 
Physical and Compaction Properties. Pharm. Dev. Technol. 2012, 17, 649–653. 
56. Asnaashari, S.; Khoei, N.S.; Zarrintan, M.H.; Adibkia, K.; Javadzadeh, Y. Preparation and Evaluation of 
Novel Metronidazole Sustained Release and Floating Matrix Tablets. Pharm. Dev. Technol. 2011, 16, 400–
407. 
57. Kitazawa, S.; Johno, I.; Ito, Y.; Teramura, S.; Okado, J. Effects of Hardness on the Disintegration Time and 
the Dissolution Rate of Uncoated Caffeine Tablets. J. Pharm. Pharmacol. 1975, 27, 765–770. 
58. Notley, S.M.; Norgren, M. Surface Energy and Wettability of Spin-Coated Thin Films of Lignin Isolated 
from Wood. Langmuir 2010, 26, 5484–5490. 
59. Tagami, A.; Gioia, C.; Lauberts, M.; Budnyak, T.; Moriana, R.; Lindström, M.E.; Sevastyanova, O. Solvent 
Fractionation of Softwood and Hardwood Kraft Lignins for More Efficient Uses: Compositional, Structural, 
Thermal, Antioxidant and Adsorption Properties. Ind. Crops Prod. 2019, 129, 123–134. 
60. An, L.; Si, C.; Wang, G.; Sui, W.; Tao, Z. Enhancing the Solubility and Antioxidant Activity of High-
Molecular-Weight Lignin by Moderate Depolymerization Via in Situ Ethanol/Acid Catalysis. Ind. Crops 
Prod. 2019, 128, 177–185. 
61. Zhao, L.; Ouyang, X.; Ma, G.; Qian, Y.; Qiu, X.; Ruan, T. Improving Antioxidant Activity of Lignin by 
Hydrogenolysis. Ind. Crops Prod. 2018, 125, 228–235. 
62. Kalasz, H.; Antal, I. Drug Excipients. Curr. Med. Chem. 2006, 13, 2535–2563. 
63. Vinardell, P.M.; Mitjans, M. Lignins and their Derivatives with Beneficial Effects on Human Health. Int. J. 
Mol. Sci. 2017, 18, 1219. 
 
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
